Introduction
Separation of CO 2 from other gases is critically important in many industrial processes such as hydrogen production, biogas purification and post-and precombustion CO 2 capture in fired power plants.
Membrane gas separation has recently attracted significant attention because of its high potential for energy saving, low cost operation and unit size reduction 1) .
Over the past several decades, numerous CO 2 separation membranes have been developed. Although polymeric membranes have been the most widely investigated among several types of CO 2 selective membranes, the CO 2 permeability and CO 2 /N 2 selectivity of polymeric membranes are relatively low in some cases 2) . To overcome the low performance of polymeric membranes, facilitated transport membranes (FTMs) have recently attracted considerable attention 3 10) . FTMs are a type of functional membrane containing a reactive compound, the so-called "carrier", which can drastically enhance the permeability and permselectivity of a targeted gas. The gas permeation mechanism of FTMs is based on the reversible reaction between the targeted gas and a carrier incorporated in the membrane. Various FTMs for CO2 capture have been developed and many efforts have been made to enhance the CO2 permeability and selectivity. The specific performances of the FTMs have been widely investigated and it was empirically determined that the CO2 permeability and selectivity of FTMs under humid conditions were quite high 4, 6, 8, 9, 11, 12) . Especially, the CO2 permeabilities of the FTMs containing amino acid as the CO2 carrier were strongly affected by humidity in the gas stream 6, 8) . Therefore, it is expected that the CO2 per- To improve the CO 2 permeability of facilitated transport membranes, we investigated the effect of ionic liquid additives into the membrane. In this study, glycine was used as a CO 2 carrier and polyvinyl alcohol as a gel matrix to contain the CO 2 carrier and additives. To investigate the effect of the water vapor absorbability of the gel membrane on the CO 2 permeability, ionic liquids with various degrees of hydrophilicity were examined as additives. When the highly hydrophilic ionic liquids were added to the membrane, a large amount of water was absorbed in the membrane under humid conditions. With the aid of water, glycine dissolved in a fully water stained gel membrane could react with CO 2 under humid conditions and elevated temperatures from 110 to 130 . Because of the high liquidity of the ionic liquid within a wide temperature range, the formed CO 2 complex could easily diffuse into the membrane from the feed side to the permeate side. Thus, CO 2 permeability and CO 2 /N 2 selectivity were highly improved; e.g., at 110 , the CO 2 permeance was increased from 3.6 10 -6 to 6.4 10 -5 mol/(m 2 skPa) and CO 2 /N 2 selectivity from 17.3 to 192 (-). Moreover, the non-volatility and thermal stability of an ionic liquid enabled improved CO 2 permeation for extended periods under elevated temperature conditions. Therefore, the addition of ionic liquid was useful to enhance the gas permeation properties whilst maintaining high stability.
Keywords : facilitated transport membrane CO 2 separation ionic liquid hydrophilicity water vapor absorbability meability of the FTMs containing amino acid as the CO2 carrier would be increased by increasing the water absorbability of the membrane. Moreover, because amino acids are cheap, non-toxic and nonvolatile compounds, the amino acid-based FTM could be useful for CO2 removal from gas streams if its CO2 permeability is significantly increased. In this research, glycine, which is the simplest and most abundant amino acid, was used as a CO2 carrier of an FTM.
Recently, ionic liquids (ILs), which are room temperature molten salts, have attracted considerable attention as a CO2 separation media because of unique properties such as non-volatility, good thermal stability and liquidity over a wide temperature range 13, 14) . Such specific properties are suitable for gas separation membranes. In addition, the water absorbability as well as hydrophilicity of ILs can be controlled because ILs are organic salts of which physical and chemical properties can be easily tuned by tailoring the structure of the cation and/or anion 15) . By adding a hydrophilic ionic liquid in FTMs, the water vapor absorbability of FTMs under humid conditions could be enhanced. As a result, it is expected that the CO2 permeability of the FTMs would increase because the reactivity as well as diffusivity of a CO2 carrier would be enhanced in a fully water stained membrane. Moreover, the non-volatility and thermal stability of an ionic liquid is expected to be of benefit by enabling enhanced CO2 permeability to be retained during long-term operation.
In this research, we fabricated a novel FTM with high CO2 permeability and long-term durability by using hydrophilic ionic liquids. The effect of water vapor absorbability of several ionic liquids on CO2 permeability was systematically investigated to confirm the importance of the hydrophilicity of the membrane matrix for facilitated CO2 transport.
Experimental

Reagents
Glycine was used as a CO2 carrier. Cesium hydroxide was used as a neutralizer of the amino group in glycine. They were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). 
Preparation of FTMs
Gas permeation tests
The schematic diagram of the experimental apparatus is shown in Fig. 1 . The gas transport properties of membranes were measured by using a permeation cell that was placed in a thermostat oven (Yamato Scientific Co. Ltd., Japan) adjusted to the desired temperature.
The permeation cell was made of stainless steel with an effective permeation area of 2.88 cm 2 .
CO2, N2 and He gases of 99.9% purity were used for the gas permeation tests. A feed gas was prepared by than 5 h for the differences between successive N2 peak areas detected by the GC to decrease below 1%.
Results and discussion
The effects of temperature on the CO2 permeability of FTMs containing several additives were investigated. The results are shown in Fig. 2 . As shown in Fig. 2 (a) , the CO2 permeance of the FTMs were strongly dependent on temperature and decreased with increasing temperature from 110 to 130 . These results indicated that the activity of glycine as a CO2
carrier was higher at lower temperature conditions.
Regarding the effect of additives, it is worth noting the variation in CO2 permeances of FTMs containing different additives. As shown in Fig. 2 (a) [Tf2N]. As shown in Fig. 2 (b) , N2 permeances were not as significantly changed by the additives.
Therefore, the existence of additives brought about the increase of CO 2/N2 selectivity ( Fig. 2 (c) ). In particu- Here, we again consider the effect of temperature on the CO2 permeability of the FTMs investigated in this study. The decrease of the CO 2 permeability is attributed to the activity of glycine in the membrane. As temperature increases, the reaction rate between glycine and CO 2 increases 16) and enhances the CO 2 permeance. Conversely, the CO 2 absorption amount would decrease with an increase in temperature 8) . In addition, as shown in Fig. 3 , the water content in the membrane decreases with an increase in temperature, which consequently decreases the reactivity between glycine and CO 2 as well as the diffusivity of CO 2 in the membrane. The combined effects may decrease the CO 2 permeance of the FTMs.
Data for the FTM with no additives is also shown in 
Conclusions
To improve the CO2 permeability of FTMs, we investigated the use of ILs with high hydrophilicity as additives. By adding highly hydrophilic ILs to the FTM containing glycine as the CO2 carrier, the CO2 permeability of the FTM was drastically increased, e.g. the CO2 permeance and the CO2/N2 selectivity of the FTM with [Emim] [Br] at 110 were 18 times and 11 times higher than those of the FTM without additive. The enhancement of the CO2 permeability was strongly correlated to the water vapor absorbability of the FTMs, which was owing to the hydrophilicity of the additives.
From the results, it was concluded that water vapor absorbability of FTMs is an important property in activating the CO2 carrier and that facilitated CO2 permeation may be enhanced by using hydrophilic ILs.
Owing to the non-volatile and thermally stable nature of ILs, the FTM with a hydrophilic IL showed stable performances for 150 h at 130 . Therefore, the FTMs with a hydrophilic IL would be useful for CO2 capture from various gases.
